We have determined the lattice dynamics of molybdenum at high pressure to 37 GPa using highresolution inelastic x-ray scattering. Over the investigated pressure range, we find a significant decrease in the H-point phonon anomaly. We also present calculations based on density functional theory that accurately predict this pressure dependence. Based on these results, we infer that the likely explanation for the H-point anomaly in molybdenum is strong electron-phonon coupling, which decreases upon compression due to the shift of the Fermi level with respect to the relevant electronic bands.
The physical properties of molybdenum are interesting in a number of aspects. In particular, its high-pressure behavior has received a lot of interest as Mo is one of the elements forming the basis of the ultrahigh-pressure scale and was used in the calibration of the ruby fluorescence pressure scale [1] [2] [3] . However, its static and dynamic equations of state are known to be in disagreement [4] . Thus, there have recently been studies probing the pressure dependence of the elastic tensor and high-pressure strength [5] . Furthermore, the 4d transition elements display a rich variety of phonon dispersion effects that provide a fertile testing ground for modern theoretical descriptions of lattice dynamics [6] . Molybdenum, which is a bcc 4d transition metal, has been the focus of numerous studies of electronic structure [7, 8] and lattice dynamics [9] [10] [11] [12] [13] . While the theoretical treatments have to a great degree been successful at reproducing much of the experimental lattice dynamics observations, the large softening near the H point has for the most part resisted first principles treatment. The phonons near the H point have been well studied with neutron diffraction at 1 atm and room temperature [11, 12] and also as a function of temperature to 1203 K [13] . With increasing temperature, the H-point phonon displays anomalous stiffening that has been proposed to arise from either intrinsic anharmonicity of the interatomic potential or electron-phonon coupling. To address the nature of these phonon anomalies, we have undertaken a high-pressure experimental study probing the lattice dynamics of molybdenum. In this regard, lattice compression provides a very convenient way to probe the interatomic potential, allowing one to study the nature of any anharmonic contributions, as well as electron-phonon interactions. However, until recently, the requirement of relatively large samples for neutron scattering experiments has, ex-cept in rare cases [14 -16] , limited the range of pressures over which direct lattice dynamical information could be gathered. With the advent of x-ray inelastic scattering techniques, these difficulties have to a great degree been overcome [17, 18] .
We conducted high-resolution inelastic x-ray scattering (IXS) experiments on beam line ID28 at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France. The incident synchrotron radiation was monochromatized at 17.794 keV utilizing the Si(9 9 9) configuration. The scattered photons were energy analyzed by five crystal analyzers in Rowland circle geometry, giving a total instrumental energy resolution of 3 meV full width at half maximum (FWHM). The x-ray beam was focused by two mirrors in Kirkpatrick-Baez geometry to a spot of 25 m horizontal 60 m vertical FWHM. The momentum transfer, given by Q 2k 0 sin s =2, where k 0 is the incident photon wave vector and s the scattering angle, was selected by rotating the spectrometer arm in the horizontal plane about the sample position. All the spectra are collected in a constant q mode (Fig. 1 ). The momentum resolution, set by slits in front of the analyzer crystals, was 0:3 nm ÿ1 . The energy scans were performed by varying the monochromator temperature while the temperature of the analyzer was kept constant, according to the relation E=E T, where 2:58 10 ÿ6 K ÿ1 is the linear thermal expansion coefficient of Si at room temperature. Further details of the IXS instrumentation have been described elsewhere [19, 20] .
Our samples, which consisted of high-quality molybdenum single crystals, were cut with the surface normal parallel to the 110 direction. The small (60 m diameter by 20 m thickness) single crystals were prepared inhouse using femtosecond laser cutting and standard polish-ing techniques [21] . The crystals were loaded into diamond anvil cells (DAC), using helium as a pressure transmitting medium, to ensure hydrostatic pressure conditions and the preservation of the crystal quality during compression to high pressure. After preparation, the mosaic spreads (rocking curves) were better than 0.1 degrees, and throughout our experiments almost no sample degradation was observed, even for the highest pressure point. The pressure was determined by ruby fluorescence and cross-checked with the experimentally determined molybdenum hydrostatic equation of state [22] .
We have used density functional theory (DFT) [23, 24] to calculate the quasiharmonic phonon spectrum of molybdenum up to the highest experimental pressure of 37 GPa using linear response theory. The second derivatives of the total energy were calculated with respect to atomic displacements using a variational approach from which the dynamical matrix and phonon spectrum were calculated [25, 26] , using a plane-wave DFT code made possible through the ABINIT project [27, 28] .
The calculated phonon spectra are well converged with respect to several parameters. We used a norm-conserving Troullier-Martins [29] pseudopotential with six valence electrons (4d 5 5s 1 ) within the generalized gradient approxi-mation (GGA) [30] for the exchange correlation function. The kinetic energy cutoff was determined to be 25 Hartree and a 24 24 24 Monkhorst-Pack k-point grid [31] was found to yield convergence for the total energy. For the phonon spectrum, 29 irreducible q-points were used for the interpolation of the interatomic force constants. The total energies are converged to within 1 10 ÿ16 Hartree for the ground state and 5 10 ÿ7 Hartree for a given q point. We have incorporated a standard Gaussian broadening scheme of the electron density of states to account for partially filled bands near the Fermi level ( F ) [32] . We found that the zone boundary phonons are quite sensitive to the broadening , especially the H-point and N-point phonons, while this sensitivity is much less for the low q phonons. After many tests, a broadening value 0:01 Ha was determined to give results for the entire calculated phonon spectrum most consistent with the experimental results [6] at ambient pressure (105.1 a.u.). Smaller broadening values yielded significantly lower phonon energies at the zoneedge, while higher values of nearly removed the H-point anomaly. The above numerical parameters were determined at ambient pressure, and subsequent calculations were performed at the experimentally determined volumes without any changes to these parameters. Overall, the calculated phonon dispersions compare very favorably with the experiment along the high symmetry directions and reproduce well both the known phonon anomalies (H-point and 2=3111) at 1 bar [9] as well as the pressure evolution of these anomalies.
Previous interest in the theoretical treatment of the zone boundary modes near the H point has been motivated by the observation of anomalous stiffening of the H-point phonon at ambient pressure with increasing temperature [13] . Although widely studied, progress on understanding the exact nature of this anomaly, and on improving theoretical descriptions of the phenomena, have to a great degree been hampered by a dearth of experimental data. All the proposed mechanisms are therefore in need of experimental verification. Though the H-point phonon is depressed by the well-known Kohn anomaly, arising from a strong decrease of the electronic screening [6] , many theoretical descriptions have taken varying approaches. The effects of many-body renormalization of the electronic energies due to strong nesting of bands near F have been considered [33] , as well as intrinsic anharmonicity of the potential energy [34] . Furthermore, it has been pointed out that the ability to accurately reproduce the H-point anomaly critically hinges on the treatment of the p-like character of the bands near the Fermi surface, suggesting that anharmonic effects are negligible [35, 36] .
To address these issues, we have collected the phonon dispersions of all the branches at a pressure of 17 GPa (Fig. 2) and a partial set of dispersions (lacking only the transverse modes along 001 and 111) at 37 GPa. These data represent the highest pressure set of dispersion curves yet reported for any material and clearly illustrate the power of the IXS technique for probing the dynamics of materials at high compressions.
To check the consistency of our results with respect to ultrasonic measurements [37] we have also collected a set of low-q spectra along 001 at 1 atm. Fits to the 1 atm IXS data compare with the ultrasonic measurements to better than 2% in C 44 and to better that 4% in C 11 . Further, the agreement between our calculations and measured energies is quite good. Along ÿ-H, the agreement in shape as well as absolute energies is very good, with exception of the TA branch where theory does not predict the overbending at about q 0:8. Along ÿ-P the agreement is very good, aside from the TA branch from q > 0:5. However, along ÿ-N, the experimental energies for the LA are consistently lower than the calculated values. Along this direction, the calculation of TA110h001i while capturing the small softening near zone boundary is 5% low in energy. As shown in Fig. 3 , our new high-pressure results show a profound decrease in the relative magnitude of the H-point phonon anomaly upon compression. This effect is highlighted in the inset, pointing up the differing density evolutions of the Grüneisen parameters at the maximum of the dispersion (q 0:65) and at the H point (q 1:0). The rapid collapse of the H-point phonon anomaly in molybdenum is further illustrated by the comparison of the pressure dependence of the H-point mode measured in bcc-Fe. For similar volume compressions (5% in the case of Fe and 6% in the case of Mo) we find a 6% and 22% increase in the zone boundary mode in Fe and Mo, respectively [16] . A number of lines of evidence indicate that the explanation for the rapid decrease in the anomaly with pressure is a decrease in the magnitude of electron-phonon coupling on compression. Our DFT calculations treat all the p-like bands as part of the ion core, and yet, they accurately predict the pressure evolution of the H-point anomaly, thus ruling out to a great degree a large role for the p-like bands. Furthermore, upon compression at room temperature, the thermal excitations are both minimal and decrease with increasing pressure. This, in light of the fact that the computational methods used here are within the quasiharmonic approximation, suggests that intrinsic anharmonic contributions are unlikely to be responsible for the anomaly. Instead, we argue that the nested bands 3 and 4 near the Fermi level F (at 1 atm) give rise to the phonon anomaly. This conclusion is supported by our band structure calculations in two ways: (1) the first line of evidence for this reasoning comes from the sensitivity of the calculated H-point anomaly to Gaussian broadening , which effectively broadens all the bands lessening any effect from nested bands 3 and 4, as mentioned above for the ambient pressure calculation, and vastly improving the agreement between the calculations and the experimental data at 1 atm; (2) as the system is compressed, band broadening also occurs but now solely due to the perturbation of the electronic structure in the compressed lattice. Furthermore, since the Fermi energy level increases under compression, at high pressure, the energy of the nested bands will be lower relative to F (effectively moving outside of k B T from F ). Therefore, both the pressure induced band broadening, and the lowering of nested bands relative to F , should favor a decrease in the H-point phonon anomaly, yielding a more ''normal'' bcc phonon spectrum, as experimentally observed. This sensitivity is to be expected if electron-phonon coupling is an important effect in the anomaly.
In conclusion, we have collected complete phonon dispersion curves at high pressures, to 37 GPa. From an experimental standpoint, the collection of lattice dynamical data at high-pressure is now mainly constrained by the strict requirements of sample quality, hydrostaticity, and diamond anvil cell technology, and no longer by the requirements of the probing technique itself. We have shown both experimentally and theoretically that the H-point anomaly on molybdenum rapidly decreases at pressures above 17 GPa. While not absolutely conclusive, based on our theoretical description of Mo, we argue that the most likely explanation for experimentally observed collapse of the H-point anomaly is a pressure induced decrease in the magnitude of electron-phonon coupling. Finally, we note that given the technical difficulty and expense of the experiments reported here, greatest potential to yield insight into complicated systems such as the 4d transition metals, comes through a combined approach, where theoretical descriptions can both provide a fruitful subset of problems for focused high-pressure experiments and give insight into the nature of the underlying physics.
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